We studied obesity-related differences in the relation of maternal levels of leptin to levels of soluble fms-like tyrosine kinase 1 (sFlt1), an antiangiogenic protein that influences placentation and risk of adverse pregnancy outcomes. In a prospective cohort of 286 gravidas, we measured maternal serum levels of sFlt1 and leptin at 5 time points across pregnancy. Analyses stratified on prepregnancy body mass index (<25 vs !25) were done using mixed linear models. The mean leptin concentrations were significantly higher in overweight/obese compared to normal-weight women, while mean sFlt1 levels in second and third trimester were significantly higher in normal weight compared to overweight/obese women. The relationship between sFlt1 and leptin differed between the 2 strata. After controlling for maternal weight, a 1 ng/mL increase in leptin was associated with an 19.4 pg/mL increase in sFlt1 (P ¼ .01) in normal-weight women, while leptin was not associated with sFlt1 (b ¼ 1.1, P ¼ .75) in overweight/ obese women. Such differences suggest that metabolic differences in overweight/obese women compared to their normal weight peers may differentially impact the physiologic changes during pregnancy.
Introduction
Maternal obesity is associated with the dysregulation of metabolic and physiologic factors that may affect the course of pregnancy and lead to adverse outcomes. However, the underlying pathways mediating the effects of obesity on pregnancy outcomes are not well characterized. Normal pregnancy outcomes depend on the establishment of the maternal-fetal vascular interface early in pregnancy and ongoing placental development over the duration of gestation. 1 Accordingly, disruption of placental production of angiogenic factors contributes to the pathophysiology of many adverse perinatal outcomes. 2 For example, soluble fmslike tyrosine kinase 1 (sFlt1), an important antiangiogenic protein, has been strongly associated with disorders of placentation, including preeclampsia and intrauterine growth restriction. 2, 3 We have recently shown that maternal serum sFlt1 concentrations are associated with an increased risk of preterm delivery independent of preeclampsia. 4 Maternal obesity may affect these factors via a number of adipokine-mediated pathways. 5 However, the relationship between maternal obesity, adipokines, and angiogenic factors is poorly characterized in human pregnancies.
Beyond its well-known role in the regulation of energy metabolism, the adipokine leptin has well-documented effects on many other physiological processes, including angiogenesis. [6] [7] [8] For example, several studies suggest that leptin may act directly on the vascular endothelium to stimulate angiogenesis. [8] [9] [10] Thus, endothelial cells have been shown to express functional leptin receptors and leptin has been demonstrated to stimulate endothelial cell proliferation and to induce the formation of capillary-like tubes in vitro. 10 Leptin has also been shown to stimulate new blood vessel formation in the chick chorioallantoic membrane. 10 In fact, the angiogenic effect of leptin is comparable to that of vascular endothelial growth factor. 10 The regulation of maternal leptin during pregnancy is complex. As in nonpregnant adults, serum leptin levels are related to adipose tissue mass. 11 Moreover, in both overweight/obese and normal-weight women, serum leptin concentrations significantly increase during the course of pregnancy. [11] [12] [13] Such changes are thought to be involved in optimizing the availability of substrates necessary for fetal growth, particularly by mobilizing maternal fat stores. 14 However, factors other than fat mass alone contribute to this increase. In humans, placental production of leptin contributes significantly to maternal serum levels. [14] [15] [16] Our prior work demonstrates that variation in maternal serum leptin levels across pregnancy differs in overweight and obese women when compared to their normal-weight counterparts. 17 After accounting for maternal weight gain, overweight/ obese gravidas do not show the progressive increases in leptin production per unit of body mass that are seen in normalweight women. Such differences suggest altered regulation of leptin production in obese/overweight women, perhaps due to metabolic disturbances arising from adipocyte and adipose tissue dysfunction. The metabolic factors that result in such differences in leptin regulation may also result in different effects of leptin on angiogenesis, beyond that expected from just a difference in concentration. Such metabolic differences may ultimately be involved in differences in pregnancy outcomes between the 2 groups.
The goal of this study was to estimate the influence of variation in maternal serum leptin levels during pregnancy on variation in maternal sFlt1 levels in women with overweight/obese prepregnancy body mass index (BMI !25.0) and normal prepregnancy BMI (<25.0). We hypothesized that leptin would influence sFlt1 levels differently in overweight/obese compared to normal-weight women, potentially disrupting the balance of angiogenic and antiangiogenic factors in these 2 groups. 7 Such differences may contribute to the risk of adverse pregnancy outcomes in obese women.
Methods

Study Sample
Data were collected as part of the Gestational Regulators of Weight study, a prospective cohort study of pregnant women who presented for early prenatal care at the University of Michigan Health System. The study was approved by the institutional review board at the University of Michigan Health System. Women were enrolled between 6 and 10 weeks' gestation. Women were eligible for inclusion if they were between 18 and 45 years of age, had a singleton pregnancy, and intended to deliver at the study hospital. Informed consent was obtained at the initial study visit (6-10 weeks' gestation). Participants were seen for 4 additional study visits at 10 to 14, 16 to 20, 22 to 26, and 32 to 36 weeks' gestation.
Data Collection and Study Variables
At each of the 5 study visits, questionnaire data, anthropometric measurements, and biological samples were collected. Baseline maternal characteristics were obtained by questionnaire and medical record review. Data elements collected included maternal age, self-reported race and ethnicity, education, marital status, pregnancy history, pregnancy complications, and tobacco smoke exposure. Standing height was measured at baseline using a wall-mounted stadiometer. Weight was measured in street clothes, without shoes, on a calibrated electronic scale (Scale-Tronix, White Plains, New York). Maternal prepregnancy weight was collected at the initial visit by maternal self-report. Prepregnancy BMI was calculated using height and prepregnancy weight (BMI ¼ weight/ height 2 ) and classified as normal (BMI <25 kg/m 2 ) or overweight/obese (BMI !25 kg/m 2 ). 18 Maternal blood samples were collected in serum separator tubes and were allowed to clot for 30 minutes prior to centrifugation (15 minutes at 1000g). The serum samples were aliquoted and stored at À80 C until analysis. Concentration of maternal serum sFlt1 was determined in duplicate using a commercially available solid-phase enzyme-linked immunosorbent assay kit (R&D Systems, Minneapolis, Minnesota). Serum leptin concentration was also measured in duplicate using a standard commercial radioimmunoassay kit (Linco Research, St Charles, Missouri). Laboratory assays were performed in the chemistry laboratory of the Michigan Diabetes Research and Training Center. Laboratory personnel were blind to all patient identifiers as well as pregnancy characteristics and outcomes.
Statistical Analysis
All analyses were performed using SAS version 9.1 (SAS Institute, Cary, North Carolina). Demographic and health-related characteristics of the study population were compared using t test, chi-square test, and Fisher exact test as appropriate. Leptin and sFlt1 were treated as continuous variables in all analyses.
Our analysis included repeated measures of sFlt1 and leptin over the course of pregnancy. Therefore, mixed linear models were used to assess the impact of leptin on sFlt1 while considering the longitudinal structure of the data. Unlike conventional linear regression models, mixed linear regression models allow the data to exhibit correlation and nonconstant variability by including both fixed effect and covariance parameters. The covariance structure of the repeated measurements can be modeled to increase efficiency so that the estimates and standard errors can be efficiently generated. In addition, the mixed linear modeling procedure used here implements a likelihood-based estimation method so that all available data are used in the analysis without excluding participants with data missing at one or more time points. For these analyses, repeated measures of leptin across pregnancy were analyzed using a model in which prepregnancy BMI stratum (normal vs overweight/ obese) was a fixed factor that varied between participants. Gestational age at each leptin measurement was a repeated factor that varied within participants. All tests of significance in main effects models were 2-tailed with a type 1 error rate fixed at 5%.
In pregnant women, leptin is strongly correlated with maternal fat mass and placental size. During pregnancy, maternal weight includes contributions from maternal tissue and the products of conception, including the fetus, placenta, and amniotic fluid. Therefore, in order to model the effects of leptin independent of maternal and placental tissue mass, we included the adjusted maternal weight (maternal weight at each visit minus estimated fetal weight) at each visit 19 as a covariate. Estimated fetal weight was determined by ultrasound biometry using the method of Hadlock. 20
Results
Sociodemographic and health characteristics of the 286 women included in the study are presented in Table 1 . Half of the study participants were overweight or obese (N ¼ 143). Normalweight and overweight/obese women were similar with respect to age, marital status, parity, and prenatal smoking. A greater proportion of normal-weight women were white, whereas a greater proportion of overweight/obese women were black (P ¼ .04). When compared to normal-weight women, a greater proportion of overweight/obese women had a college education or less (P ¼ .002).
There were very few missing data points for our analyses. There were only 42 missing measurements of maternal sFlt1 (2.9% of the measures) and 54 missing measurements of maternal leptin (3.8% of the measures). Only 2 women were missing more than 1 measure of sFlt1 (missing 2 each); while 7 women were missing more than 1 measure of leptin (range 1-3). Covariates were reliably measured. Six women were missing smoking status. There were no other missing covariates. The missing data appeared to be random. However, the number of missing observations was too small to model the distribution of missingness for evidence of bias. The mixed linear regression models described below are generally robust to missing at random data.
The mean maternal serum leptin and sFlt1 concentration at each study visit for each BMI stratum are presented in Table 2 . The mean leptin concentration differed by BMI group at each visit (P < .0001 at each visit). As previously reported, leptin was higher in overweight/obese women over the entire course of gestation. 17 In contrast, mean sFlt1 levels were higher for normal weight as opposed to overweight/obese women at each time point, although not all differences were statistically significant or substantial ( Table 2) . Differences in sFlt concentration were statistically significant at visit 2 between 10 to 14 weeks' gestation (P ¼ .003), visit 3 between 16 to 20 weeks' gestation (P < .0001), and visit 4 between 22 to 26 weeks' gestation (P ¼ .002). The relationship between sFlt1 and gestational age for each BMI group is presented in Figure 1 . The trajectory of sFlt1 increased significantly more quickly for normal-weight women compared to their overweight/obese peers (b ¼ À5.68; 95% confidence interval [CI] À8.82 to À2.54).
We used mixed linear models to examine the longitudinal relation between maternal serum leptin and sFlt1 concentrations across pregnancy. After adjusting for maternal weight, these models suggest that the relationship between leptin and sFlt1 differs by BMI strata (Table 3) . A 1 ng/mL increase in leptin was associated with an 19.4 pg/mL increase in sFlt1 (95% CI 4.7 to 34.0) in normal-weight women, whereas leptin did not impact sFlt1 levels (b ¼ 1.1; 95% CI À5.9 to 8.1) in overweight/obese women. The observed interaction between BMI and leptin was statistically significant (P ¼ .01). We also include results after adjusting for several important maternal covariates (maternal race, education, age, and prenatal smoking). None of the covariates examined (maternal race, education, age, and prenatal smoking) appreciably changed our results or conclusions. However, as reported in Table 3 , the b estimates for leptin changed slightly more than 5% when race was added to the model. Unfortunately, our sample contains too few non-white participants to appropriately test the effects of race on these relations. To evaluate the possible influence of other placental disorders on our results, we reanalyzed the data excluding women with preeclampsia or suspected preeclampsia (N ¼ 5). Excluding these cases did not impact our results (data not shown).
Discussion
Although obese women may have a higher risk of placental vascular dysfunction, few studies have investigated the pathophysiological factors that may be related to this predisposition. There is growing evidence that the regulation and effects of metabolic systems in overweight and obese individuals is substantially different from their normal-weight counterparts. [21] [22] [23] [24] This work is among the first to demonstrate that obesity-related factors may influence factors related to angiogenesis differently in overweight/obese compared to normal-weight women during pregnancy. Specifically, we found that while maternal sFlt1 increased significantly across pregnancy for both normal-weight and overweight/obese women, its trajectory was significantly different in the 2 groups. Moreover, our analyses demonstrate that the relationship between maternal sFlt1 and leptin concentrations across pregnancy differs between overweight/obese and normal-weight women. Leptin was associated with substantially higher sFlt1 levels in normal-weight women, whereas in overweight/obese women, leptin did not impact sFlt1 levels.
The possible relation of maternal leptin to placental vascular dysfunction has been recognized for some time. A number of prior studies suggest that increased maternal plasma leptin levels may be associated with preeclampsia, [25] [26] [27] [28] although there have been conflicting reports. 29, 30 Similarly, leptin levels in the placenta were higher for women with severe preeclampsia compared to normotensive pregnancies associated with intrauterine growth restriction as well as controls. 31 Moreover, the placental leptin level was positively associated with the umbilical artery resistance index, suggesting that placental insufficiency may be associated with an increase in placental leptin. 31 Interestingly, in at least 2 prior studies that stratified on BMI, second trimester serum leptin levels were significantly higher in preeclamptic compared to normotensive women only in the normal weight (BMI <25 kg/m 2 ) stratum. 27, 32 There was no difference in overweight (BMI !25 kg/m 2 ) women. The difference in the relation we observed between leptin and sFlt1 in these 2 strata suggests a physiologic correlation underlying this prior observation.
The only prior human study that reported on the relationship between maternal leptin and sFlt1 levels was a small case-control study (N ¼ 68) of preeclampsia in Japanese women in which a single cross-sectional maternal blood level was Abbreviations: SD, standard deviation; sFlt1, soluble fms-like tyrosine kinase 1. a P value for differences in mean sFlt1 by obesity status. obtained during the second or third trimester. Among the preeclamptic cases, leptin was negatively associated with sFlt-1, while there was no correlation among the controls. Furthermore, BMI was significantly higher for those preeclamptic women with leptin/sFlt1 ratios above the median compared to those below the median; no difference in BMI was seen in comparison with controls. 33 In contrast to this prior study, our study had a more robust study design that documented maternal leptin and sFlt1 levels at multiple time points starting in early pregnancy and more appropriately modeled their relationship using longitudinal methods. Our analyses demonstrate that levels of maternal serum sFlt1 differ between overweight/obese and normal-weight women across gestation, even in the absence of preeclampsia. Moreover, its relationship with maternal serum leptin is altered in overweight/obese women compared to their normal-weight counterparts. The mechanisms through which maternal obesity and maternal leptin may influence sFlt1 are poorly understood. However, differences between the 2 strata may be related to the dysregulation of the normal metabolic systems found in obese/ overweight women. [21] [22] [23] There is growing evidence that such dysregulation may influence the physiologic changes during pregnancy leading to the development of many of the pathological conditions associated with obesity. 17, 24, 34, 35 For example, lipid levels differ across BMI strata and altered lipid homeostasis during pregnancy may contribute to poor placental development and disrupted endothelial function. 35, 36 Accordingly, prior studies suggest that the relationship between fetal growth and maternal lipids differs between these groups. 34 Our current study suggests that such metabolic dysregulation may alter the relationship between factors, such as leptin and sFlt1, that may be associated with placental angiogenesis in obese/overweight compared to normal-weight women.
The prospective cohort design is a significant strength of the current study. We were able to obtain multiple measures of maternal serum leptin and sFlt1 concentrations on each participant starting in early first trimester and at multiple time points across pregnancy. Despite the modest sample size, this study is one of the largest longitudinal studies of either sFlt1 or leptin levels in the current literature, with 5 time points for data collection in pregnancy for nearly 300 women. Our analytic approach used linear mixed models that accounted for the longitudinal data structure. As a result, we were able to analyze the trajectory of maternal serum sFlt1 concentrations in different BMI groups sampled from a population-based cohort of pregnant women. Our study design and analytic plan also provided substantial statistical power to analyze the relation between leptin and sFlt1 and to analyze how factors such as maternal overweight/obesity could influence this relation.
The longitudinal design inherently limits study participation to a group of women who present for early prenatal care and are able to attend multiple study visits. Women without prenatal care or with late, interrupted, or sporadic care are less likely to have been included. As a result, maternal sociodemographic covariates, chronic disease, and pregnancy complications showed limited variation and may limit the generalizability of our study. This limitation is most evident with regard to race; more than 80% of our sample is white. Factors related to maternal weight and weight gain may have different effects in different racial strata. For example, the influence of the rate of maternal weight gain on infant birth weight occurs at different times in gestation in different racial strata. 37 Such results suggest that the racial, cultural, and sociodemographic context of a pregnancy may influence pregnancy outcomes related to maternal weight and BMI status. While our sample is too small to address these issues, it will be very important to conduct these analyses in larger, multiethnic cohorts.
Nevertheless, while our sample is homogeneous with regard to measures of socioeconomic status, race, and illness, there is considerable variation in prepregnancy BMI. Our sample was equally distributed into 2 BMI subgroups. Because of this homogeneity, many potential confounding factors were accounted for by our sampling, allowing us to focus primarily on the effects of maternal overweight/obesity. Prior work suggests that maternal obesity may be associated with an increased risk of placental dysfunction and adverse pregnancy outcomes. 38 Our analysis is a step toward defining how factors associated with maternal overweight and obesity may influence pregnancy outcomes through their effects on factors that may influence placental function and development. Specifically, the relationships between maternal sFlt1, leptin, and obesity status begin to suggest that potential mechanisms by which excess adiposity may relate to placental angiogenesis. Future studies should focus on how the pathogenic effects of obesity may be associated with metabolic dysregulation and disruption of the balance among various angiogenic factors during pregnancy. Larger studies will be needed to address how these effects may, ultimately, contribute to poor pregnancy outcomes. 
